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Operant conditioning of the spinal stretch reflex (SSR) or its electrical analog, the H-reflex, is a valuable experimental paradigm for studying the acquisition and maintenance of a simple motor skill. The central nervous system (CNS) substrate of this skill consists of brain and spinal cord plasticity that operates as a hierarchy -the learning experience induces plasticity in the brain that guides and maintains plasticity in the spinal cord. This is apparent in the two components of the skill acquisition: task-dependent adaptation, reflecting brain plasticity; and long-term change, reflecting gradual development of spinal plasticity. The inferior olive, cerebellum, sensorimotor cortex, and corticospinal tract (CST) are essential components of this hierarchy. The neuronal and synaptic mechanisms of the spinal plasticity are under study. Because acquisition of this skill changes the spinal cord, it can affect other skills, such as locomotion. Thus, it enables investigation of how the highly plastic spinal cord supports the acquisition and maintenance of a broad repertoire of motor skills throughout life. These studies have resulted in the negotiated equilibrium model of spinal cord function, which reconciles the spinal cord's long-recognized reliability as the final common pathway for behaviors with its recently recognized ongoing plasticity. In accord with this model, appropriate H-reflex conditioning in a person with spasticity due to an incomplete spinal cord injury can trigger wider beneficial plasticity that markedly improves walking. H-reflex operant conditioning appears to provide a valuable new method for enhancing functional recovery in people with spinal cord injury and possibly other disorders as well.
Introduction
Throughout life, humans acquire and maintain numerous adaptive behaviors acquired through practice, commonly referred to as skills [1] . The wide variety of skills and the complex central nervous system (CNS) changes, or plasticity, underlying them make their investigation a central problem in basic and clinical neuroscience research.
For the past 35 years, operant conditioning of the spinal stretch reflex (SSR) or its electrical analog the H-reflex has provided a valuable experimental paradigm for investigating skill acquisition and the plasticity induced by the skill acquisition process (i.e. learning). In this brief review, we introduce the SSR, the H-reflex, and the operant conditioning protocol that can gradually increase or decrease SSR or H-reflex size. We then highlight the key contributions that this paradigm has made to our understanding of the plasticity that underlies the acquisition and maintenance of a simple motor skill. We go on to review the insights it has provided as to how the spinal cord supports the acquisition and maintenance of many motor skills, and how these insights have led to the negotiated equilibrium model of spinal cord function. Finally, we discuss the use of spinal reflex operant conditioning as a new therapeutic approach that can enhance recovery of locomotion or other important skills for people with spinal cord injury (SCI) or other neuromuscular disorders.
The simplest behavior: the spinal stretch reflex (SSR)
The SSR is the simplest behavior of the mammalian CNS; it is produced primarily by a two-neuron onesynapse pathway comprised of the Ia sensory afferent fiber from the muscle, the spinal a-motoneuron that activates the muscle, and the synapse between them ( Figure 1a) [2]. The knee-jerk reflex is probably the best-known example of an SSR: a tap to the patellar ligament stretches the quadriceps muscle and excites its Ia afferents; they in turn excite its motoneurons and thereby cause the muscle to contract.
It is also possible to excite the large Ia afferent fibers directly by delivering a weak electrical stimulus to the skin overlying the nerve. This elicits the H-reflex, an electrical analog of the SSR [3 ,4,5] . The weak stimulus also excites a few of the largest efferent motor fibers, leading to a direct muscle response, or M-wave. The M-wave is a purely peripheral response; due to its short pathway, it precedes the H-reflex (Figure 1b) [4].
